The 2 0 ,5 0 -oligoadenylate synthetase 1 (OAS1) is one of the major interferon-inducible proteins and a critical component of the host defense system against viral infection. A single nucleotide polymorphism (SNP), rs10774671, presumably responsible for alternate splicing of this gene, has frequently been associated with a variety of viral diseases, including emerging respiratory infections. We investigated the SNP-dependent expression of OAS1 variants in primary cultured human bronchial epithelial cells. Total RNA was subjected to real-time RT-PCR with specific primer sets designed to amplify each transcript variant. We found that the p46 transcript was mainly expressed in cells with the GG genotype, whereas the p42 transcript was highly expressed, and the p44a (alternate exon in intron 5), p48, and p52 transcripts were expressed to a lesser extent, in cells with the AA genotype. Immunoblot analysis revealed that the p46 isoform and a smaller amount of the p42 isoform were present in cells with the GG genotype, whereas only the p42 isoform was clearly observed in cells with the AA genotype. Cellular DNA fragmentation induced by neutrophil elastase was more preferentially found in cells with the AA genotype. Thus, our findings provide insights into the potential role of OAS1 polymorphisms in respiratory infection. Ó
Introduction
Innate immune responses are the first line of defenses against viruses. When viral infection is detected by pattern recognition receptors, infected cells produce type I (a and b) and type III (k) interferons (IFNs) [1] . Binding of IFNs to their specific receptors leads to the induction of more than 300 IFN-stimulated genes, including OAS1, which encodes the enzyme 2 0 ,5 0 -oligoadenylate synthetase 1 (OAS1) [2] . Typically, OAS1 is activated by the binding of double-stranded RNA and catalyzes the oligomerization of ATP into 2 0 ,5 0 -linked oligoadenylates (2-5A) [3, 4] . These 2-5A, in turn, bind to latent ribonuclease L (RNase L), which then dimerizes into an active form. The activated RNase L degrades viral and cellular single-stranded RNA [5] .
Eight isoforms of OAS1 with different carboxyl (C)-terminal amino acid sequences have been registered in the public database.
Among them, the p42, p46, and p48 isoforms were found earlier and their functions have been studied well [6] . The C-terminal tail of the p48 isoform has a unique Bcl-2 homology-3 (BH3) domain, which interacts with anti-apoptotic proteins of the Bcl-2 family [7] . Therefore, the p48 isoform may have dual functions, potentiating apoptosis through the BH3 domain as well as activating RNase L via the classical anti-viral pathway [8, 9] .
Bonnevie-Nielsen et al. have demonstrated that an A/G single nucleotide polymorphism (SNP) at the splice acceptor site of exon 6 (rs10774671) contributes to generation of these three isoforms through alternative splicing [10] . According to their study using human lymphocytes, the G allele generates the p46 transcript, while the A allele abrogates the production of the p46 transcript and drives splicing to occur further downstream, leading to generation of the p48 and p52 transcripts.
To date, polymorphisms of OAS1 and other immune-related genes have been reported to affect susceptibility to a variety of viral diseases [11] . In mice, a single missense mutation of the 2 0 ,5 0 -oligoadenylate synthetase 1B (Oas1b) gene, a murine ortholog of OAS1, determines resistance to flaviviruses, including West Nile virus (WNV) [12, 13] . In humans, the A allele of SNP rs10774671 in OAS1 was associated with susceptibility to infection with WNV [14] . An OAS1 SNP (rs2660) in strong linkage disequilibrium (LD) with rs10774671 [10] was also associated with the outcome of hepatitis C virus (HCV) infection [15] . However, the allele associated with susceptibility to infection varied among studies, and the production of different OAS1 isoforms have not yet been fully investigated [16] . Considering that the interactions between virus and host are complex and cell-type-specific, OAS1 expression patterns should be characterized in a particular cell type infected by a virus of interest. In particular, host genetic factors affecting the airway defense mechanism against emerging respiratory viral infections, such as severe acute respiratory syndrome (SARS) and avian influenza, which pose potential global threats, should be studied intensively in preparation for future outbreaks.
We previously reported association of OAS1 polymorphisms with susceptibility to infection by the SARS coronavirus in Vietnamese population [17] . In the present study, we investigated the splice site SNP (rs10774671)-dependent expression of transcript variants and production of functional isoforms of OAS1 in primary cultured human bronchial epithelial (HBE) cells, a site for replication of many respiratory viruses.
Materials and methods

Cell culture
The ethical committee of National Center for Global Health and Medicine (formerly International Medical Center of Japan) approved the study protocol. Primary cultured HBE cells were obtained from the cancer-free bronchi of surgically resected lungs, after obtaining written informed consent from the individuals concerned, all of whom were Japanese.
We isolated and cultured HBE cells from the resected lung tissue as previously described [18] , and cells of passages 3-5 were used in this study. Briefly, HBE cells were seeded at a density of 5 Â 10 5 /well onto collagen-coated 6-well Transwell plates (Corning, Corning, NY, USA) and cultured in bronchial epithelial growth medium (BEGM; Biowhittaker, Walkersville, MD, USA) for 24 h. Thereafter, cells were stimulated with 1000 IU/ml IFN-b (Biosource International, Camarillo, CA, USA) for 18 h and then harvested.
DNA isolation and genotyping of the SNP at the splice acceptor site
Genomic DNA was extracted from HBE cells using the QIAamp DNA Mini Kit (QIAGEN, Hamburg, Germany). The SNP rs10774671 was genotyped utilizing PCR and restriction fragment length polymorphism (RFLP) methods. Genomic DNA was ampli-fied using AmpliTaq Gold DNA polymerase (Applied Biosystems, Foster City, CA, USA) with the primers listed in Supplementary Table 1. The cycling conditions involved 45 cycles at 95°C for 15 s, 55°C for 15 s, and 72°C for 30 s. The PCR products (532 bp) were digested with Alu I (New England Biolabs, Ipswich, MA, USA) at 37°C for 2 h, and were then electrophoresed on 3% agarose gels including ethidium bromide. Genotypes were determined by the size of the digested PCR products observed upon visualization of the gels (306, 181, 33, and 12 bp for the G allele and 255, 181, 51, 33, and 12 bp for the A allele).
Real-time reverse transcription (RT)-PCR
We selected HBE cells with AA (n = 6), AG (n = 3), and GG (n = 2) genotypes of rs10774671; these cells were stimulated with IFN-b. Total RNA was extracted using an RNeasy Mini Kit (QIAGEN). One microgram of the total RNA was subjected to RT with random nonamers using SuperScript III Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA), as recommended by the manufacturer. Expression of OAS1 mRNA was analyzed by real-time RT-PCR using Power SYBR Green PCR Master Mix (Applied Biosystems) and CFX96 (Bio-Rad, Hercules, CA, USA) according to the manufacturer's instructions.
Previous reports indicated that OAS1 can give rise to as many as eight alternatively spliced transcripts [16, 19, 20] . A primer set common to all transcript variants was used to amplify all OAS1 transcripts, and transcript-specific primer sets were used to amplify each transcript. Primers and annealing/extension temperatures are listed in Table 1 . The cycling conditions were as follows: initial activation of the Taq DNA Polymerase for 10 min at 95°C, followed by 40 cycles of 15 s denaturation at 95°C, and annealing and extension for 1 min at the appropriate temperature. Specific amplification of the target was confirmed by a single peak in the dissociation curve and by visualization of the expected size of RT-PCR products on an agarose gel.
To compare the mRNA copy numbers among transcript variants, the absolute quantification method was used [21] . Isoform-specific RT-PCR products containing the target sequences, amplified with primers in Supplementary Table 1 , were purified using the Wizard PCR Preps DNA Purification System (Promega, Fitchburg, WI, USA). Their copy numbers were calculated from the concentration of DNA determined by measuring absorbance at 260 nm. The standard curve was generated with serial 5-fold dilutions of each of the RT-PCR products. The linear dependence of the threshold cycles was confirmed from the concentration of the templates. We used the b-actin gene (primers in Supplementary Table 1) to normalize OAS1 expression. Fold-changes of total OAS1 expression with IFN-b and relative mRNA amounts of each transcript with respect to the amount of mRNA for the p42 transcript in AA cells without stimulation of IFN-b were calculated. Data are expressed as the mean ± standard error of the mean (SEM).
Immunoblot analysis
HBE cells with AA (n = 8), AG (n = 3), and GG (n = 2) genotypes of rs10774671 were stimulated with IFN-b and harvested with lysis buffer Complete Lysis-M, EDTA-free buffer (Roche Applied Science, Penzberg, Germany). The total protein concentration in each sample was measured using the BioRad Protein Assay (BioRad). Equal amounts of total protein from each lysate (20 lg/lane) was resuspended in SDS buffer (125 mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, 1.55% dithiothreitol, and 0.1% bromophenol blue), boiled for 5 min, and analyzed on a 10% SDS-PAGE gel (e-PAGEL; ATTO, Tokyo, Japan). Resolved proteins were transferred to a polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA). After blocking the membrane in Tris-buffered saline with 0.1% Tween 20 and 2% blocking reagent at 4°C overnight, blots were hybridized for 1 h at room temperature with primary antibody against the protein fragment (amino acids 80-221) common to all OAS1 isoforms (Sigma-Aldrich, St. Louis, MO, USA; product number, HPA003657), at a dilution of 1:1000. After hybridization with horseradish peroxidase-conjugated secondary antibody, the immunocomplexes were visualized using an ECL Western blotting detection system (GE Healthcare, Little Chalfont, United Kingdom). The intensity of each band was semi-quantitatively determined using a densitometer with the Quantity One 1-D software (BioRad). The same blot was reprobed with anti-b-tubulin monoclonal antibody (Thermo Fisher Scientific, Waltham, MA, USA) as a loading control. RNA ligase-mediated rapid amplification of cDNA ends (RLM-RACE) was carried out using total RNA from IFN-b-stimulated HBE cells with AA or GG genotypes of rs10774671, using the First-Choice RLM-RACE Kit (Ambion, Austin, TX, USA) according to the manufacturer's instructions. Gene-specific primers are listed in Supplementary Table 1 . PCR products were purified and sequenced with the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) using a 3100 Genetic Analyzer (Applied Biosystems). PCR products from 3 0 -RACE were electrophoresed on 2% agarose gels containing ethidium bromide.
SNP screening of OAS1 gene
Information about SNP genotypes of OAS1 in the Japanese population from Tokyo (JPT) was obtained from HapMap data sets [22] , and was analyzed using Haploview (v. 4.2) [23] . LD blocks were determined using the confidence interval method [24] . Tag SNPs were selected and genotyped from the DNA of study participants.
In addition, we screened genetic polymorphisms from the promoter region [6] to exon 6 of OAS1, using 4 DNA samples with genotypes representing the tag SNP. The entire region was amplified using three overlapping PCR products. Primers are listed in Supplementary Table 1 . Amplified products were purified and sequenced using appropriate inner primers as described above.
DNA fragmentation ELISA
HBE cells with AA (n = 5) and GG (n = 3) genotypes of rs10774671 were stimulated with or without IFN-b (1000 IU/ml) for 12 h, were further treated with 5 Â 10 À8 M neutrophil elastase (NE; Elastin Products Company, Owensville, MO, USA) for 6 h.
Then, cells were pelleted and lysed, and apoptosis assessed using a cell death detection ELISA system (Cell Death Detection ELISA PLUS; Roche Applied Science). Enrichment for mono-and oligonucleosomes released into the cytoplasmic fractions of cell lysates was detected by biotinylated antihistone-and peroxidase-coupled anti-DNA antibodies. The relative absorbance ratio (absorbance of sample cells/absorbance of control cells) was calculated in triplicate, and used as a parameter of DNA fragmentation.
Statistical analysis
All data were expressed as mean ± SEM. To assess the effect of the number of A (or G) alleles on expression levels of transcript variants, a linear regression model was applied (JMP, version 9.0.0; SAS Institute Inc., Cary, NC, USA). Relative absorbance ratio from the apoptosis assay was analyzed by the unpaired Student's t-test. Differences were considered to be statistically significant when p < 0.05.
Results
Difference in OAS1 expression between AA, AG, and GG genotypes
According to previous reports, OAS1 gives rise to eight alternatively spliced transcripts [16, 19, 20] , and the corresponding gene products with various molecular weights are shown in Fig. 1 and Table 1 . Supplementary Fig. 1 shows the results of RT-PCR with primer sets designed to specifically amplify each transcript variant. We did not detect the p23 transcript in HBE cells with any of the three genotypes.
We next analyzed the total and transcript-specific expression of OAS1 in the presence or absence of IFN-b stimulation by real-time RT-PCR ( Fig. 2) . When HBE cells were stimulated with IFN-b, total OAS1 expression was increased up to 20-fold, irrespective of genotype (p = 0.432). Of the splicing variants, p42 was the main transcript expressed in HBE cells with the AA genotype, whereas p46 transcripts were predominant in those with the GG genotype. Expression of the p46 transcript was significantly higher in proportion to the number of G alleles carried by HBE cells, under both unstimulated and stimulated conditions (p < 0.001, p < 0.001). By contrast, expression of the p42, p44a (alternate exon in intron 5), p52, and p48 transcripts was all higher in proportion to the number of A alleles present in the cells, under both unstimulated and stimulated conditions (p42: p < 0.001, p < 0.001; p44a: p = 0.014, 2 Table 1 . Coding regions are indicated by wide rectangles, noncoding regions by narrow rectangles, and introns by lines. We designated the isoform with an alternate exon in intron 5 as p44a, and that with exon7 as p44b.
p < 0.001; p52: p < 0.001, p = 0.013; p48: p < 0.001, p = 0.001). Expression of the p35 transcript was not associated with either allele under both conditions (p = 0.245, p = 0.495). We did not quantify the p44b transcript containing exon 7 because the threshold cycle number was high and non-specific PCR amplification was observed.
Immunoblot analysis demonstrated expression of the p46 isoform and a low level of p42 in HBE cells with the GG and AG genotypes; another faint band slightly smaller than p46 was also detected. In cells with the AA genotype, only the p42 isoform was distinctly observed (Fig. 3) . To compare the protein levels with the corresponding mRNA expression levels, the band intensity corresponding to each protein isoform was semi-quantified. While the p46 transcript was expressed approximately 20-fold more than the p42 transcript at the mRNA level in the GG cells stimulated with IFN-b, the p46 isoform was expressed only 2.2-fold more than the p42 isoform at the protein level.
Identification of the transcription start site of OAS1 in cells with the AA and GG genotypes
Using 5 0 -RACE, we found that the transcription start site of OAS1 was 81 bp upstream of the translation start site in IFN-b-stimulated HBE cells with the AA and GG genotypes, indicating that the transcription start site did not differ between the genotypes. Using the 3 0 -RACE method, we showed that the p42, p48, and p52 transcripts were present in HBE cells with the AA genotype, while only the p42 and p46 transcripts were identified in those with the GG genotype ( Supplementary Fig. 2 ). No other novel transcripts were amplified.
Search for other genetic polymorphisms and LD structures of OAS1
To search for other variants which may influence gene expression, we further analyzed nucleotide sequences throughout the region from the promoter to exon 6 and investigated the LD structure of OAS1. We selected rs3741981 (non-synonymous; exon 3), rs4766662 (intron 1), rs2240190 (intron 1), and rs10774671 as tag SNPs for genotyping. The exon 3 SNP was in complete LD with rs10774671 (D 0 = 1, r 2 = 0.38). The minor allele frequency of rs4766662 was less than 5%, while rs2240190 was not in LD with rs10774671 (D 0 = 0.4, r 2 = 0.13).
The SNP genotypes indicated that only SNPs in the region between intron 3 and exon 6 were in strong LD (r 2 > 0.8) with rs10774671. The LD block was bordered by exon 3, and we did not identify any SNP in strong LD with rs10774671 in the region extending from the promoter to intron 2. The LD pattern derived in our study was consistent with that obtained from the HapMap data ( Supplementary Fig. 3 ).
DNA fragmentation assay
Since a previous report [7] suggested that the p48 isoform potentiates apoptosis through the BH3 domain in its specific C-ter- minal, HBE cells were pretreated with IFN-b and further incubated with NE, an apoptosis-inducing agent. Although NE itself did not affect OAS1 expression, as assessed by immunoblot analysis (data not shown), treatment with NE and IFN-b caused a larger amount of DNA fragmentation in cells with the AA genotype than in those with the GG genotype (p = 0.021). The genotype-dependent difference caused by NE in the absence of IFN-b did not reach significant levels (p = 0.068, Fig. 4 ).
Discussion
In this study, we investigated the differential effects of a splice site SNP on expression of transcript variants and production of functional isoforms of OAS1 in primary cultured bronchial epithelial cells isolated from human lung, a major site of replication for respiratory viruses. We clearly demonstrated the G allele-dependent expression of the p46 isoform and the A allele-dependent expression of the p42, p44a, p48, and p52 transcripts. Expression of the p35 transcript did not differ among genotypes.
The G allele-dependent expression of p46 and the A alleledependent expression of p48 and p52 in HBE cells were consistent with the pioneering report of Bonnevie-Nielsen et al. using human lymphocytes [10] . Prior to their report, such a common splice site SNP had not been identified, and the expression patterns of OAS1 transcript variants had been assumed to be cell-type specific [25, 26] . Furthermore, recent RNA sequencing studies using lymphoblast cell lines revealed that not only p48 and p52 transcripts but also p42 and p44a transcripts are expressed when the A allele is present [19, 27] . We confirmed these observations in primary cultured HBE cells. However, the read-through transcript of intron 4 was amplified with the full exon 3 (p35 transcript). The short exon 3 using the alternative splice acceptor site within the exon 3 (p23 transcript) reported in lymphoblast cell lines [19] was not observed in our study.
The total amount of OAS1 mRNA expression appeared to be slightly lower in proportion to the number of G alleles present, but this tendency was not statistically significant. In a previous study on HIV patients, significantly lower expression of OAS1 was observed in peripheral blood mononuclear cells carrying the G allele of rs3177979, which is in LD with the G allele of rs10774671 [28] . Conversely, there was a 1.9-fold higher expression in lympho-blastoid cell lines with the GG genotype of rs10774671 than in those with the AG genotype [19] . This discrepancy may have been caused by differences in ethnicity or cell type.
Since the transcription start site was the same for transcripts arising from the A allele and the G allele, and because there was no SNP in the 5 0 -region of the gene that was in strong LD with rs10774671 according to both our SNP screening and analyses of HapMap data, the transcriptional activity resulting in each transcript variant is presumably similar. Thus, their expression levels would be expected to be determined by the efficiency of splicing and mRNA stability.
Immunoblot analysis revealed that the p46 isoform, and a lower level of p42, were detected in cells with the GG genotype. Interestingly, the amount of p42 isoform was about half that of the p46 isoform in the GG cells at the protein level, although mRNA expression of the p42 transcript was markedly lower than that of the p46 transcript in those cells. Laronde et al. reported that the p42 transcript accounted for 5% of the total OAS1 transcripts in a lymphoblast cell line with a GG genotype, as determined by RNA sequencing [19] ; this was in accord with the results obtained from our absolute quantification method. The translational efficiency may differ between p42 and p46 transcripts because they have distinct 3 0 -UTR sequences that may differentially bind to RNA-binding proteins [29] or to micro RNAs [30] . In Daudi lymphoid cells with a GG genotype [10] , only the p46 isoform was detected [26] . Therefore, expression of the p42 isoform in cells bearing a GG genotype may be specific to the cell type, presumably through tissue-specific regulation of alternative splicing [31] .
Another band slightly smaller than p46 was observed in the G allele-carrying cells. A similar band was also visible in Daudi cells with the GG genotype [26] . Thus far, the isoform corresponding to this size has not been identified, and we did not find any novel transcript by 3 0 -RACE. The band may indicate some degradation of the p46 isoform, although there is no evidence that the C-terminal tail contains a cleavage site.
We predominantly detected the p42 isoform, but not p46 in the cells with the AA genotype, under the same immunoblotting condition. The other isoforms (p35, p44a, p48, and p52), of which the transcripts could be amplified in the AA cells by real-time RT-PCR, were not detected either, possibly because of their low expression levels.
Only a few studies have been conducted on the differences in the function of different isoforms. Bonnevie-Nielsen et al. reported that the total enzyme activity of OAS1 in unstimulated lymphocytes was highest in individuals with the GG genotype, intermediate in those with the AG genotype, and lowest in those with the AA genotype. They raised the possibility that the p46 isoform, arising from the G allele, has higher enzymatic activity than the p48 and p52 isoforms arising from the A allele. This suggests that individuals carrying the A allele are more susceptible to some viruses; consequently, Lim et al. demonstrated that the A allele was associated with susceptibility to WNV infection and that WNV replicated to higher levels in lymphoid tissues from donors carrying the A allele [14] . Lin et al. reported that p42 and p46, but not the other OAS1 isoforms (p44b, p48, and p52), blocked dengue viral replication via an RNase L-dependent mechanism [16] . Since HBE cells produce a considerable amount of the p42 isoform in the presence of the AA genotype, functional roles of the A allele are worth reconsidering in respiratory virus infection.
In our study, NE-induced cellular DNA fragmentation was preferentially found in HBE cells with the AA genotype when stimulated with IFN-b. NE is a major apoptotic inducer in inflamed airway epithelium, and Suzuki et al. showed molecular mechanisms of leukocyte elastase-induced apoptosis in HBE cells [32] . We also found that NE increased the level of annexin-V staining in an immortalized HBE cell line, BEAS-2B (unpublished observation). However, we could not further investigate other key features of apoptosis than DNA fragmentation in the present study, because the number of experiments using primary cultured cells had limitations. Since the p48 isoform arising from the A allele was previously shown to have proapoptotic activity independent of RNase L activation [7] , it is conceivable that the increased DNA fragmentation in HBE cells with the AA genotype is attributed to this unique activity of the p48 isoform that is presumably absent in the cells with the GG genotype. RNase L activation may not be involved in the difference observed in the present study because OAS enzymatic activity is detectable in the presence of exogenous dsRNA [4] . However, it remains elusive whether genotypic differences in DNA fragmentation was derived from the p48 isoform, because its protein expression was not detected by the sensitivity of Western blotting. Alternatively, the predominant p42 isoform in cells bearing the AA genotype may be related to DNA fragmentation through an unknown mechanism. It is generally known that apoptosis can contribute to protection against viral infection by killing virus-infected cells, but it may also serve as a mechanism for virus-induced tissue injury and progression of disease [33] . We have postulated that HBE cells carrying the A allele are more likely to inhibit spreading of the virus infection through promotion of apoptosis of virus-infected cells; thus, the A allele is associated with resistance to SARS infection [17] . Our findings indicate a requirement for further understanding of allele-specific functions other than classical enzymatic activity of OAS isoforms.
The G allele of rs10774671 is possibly an ancestral type because it had been identified in hominoid primates (Pan troglodytes), Old World monkeys (Macaca mulatta), and New World monkeys (Callithrix jacchus), according to the sequence data from public databases. Additionally, a recent study reported that the region carrying the splice site variant was neutrally evolving [20] . It is intriguing to speculate that the G to A substitution of rs10774671 generated isoforms with low enzymatic activity and high apoptosis-inducing activity, resulting in maintaining the balance between resistance and susceptibility to viral infection.
In conclusion, we have characterized the rs10774671 SNPdependent expression profile of OAS1 transcript variants and isoforms with possibly different functions in primary cultured HBE cells. Our findings may lead to an improved understanding of the association of OAS1 gene with susceptibility to infection with respiratory viruses.
